1986). The surface resistance can be considered to be the equivalent resistance of all canopy leaves in parallel
M any land surfaces have a canopy of vegetation
The patch model (Fig. 1b) is intermediate in complexwhich does not completely cover the understory ity to the Penman-Monteith and interactive models. It or the ground surface beneath, that is, a sparse applies the Penman-Monteith equation separately to overstory. Such surfaces include cultivated land (e.g., two different component surfaces, assuming there is no orchards, vineyards, and many row crops) and natural interaction between the surfaces. In recent literature vegetation. Natural vegetation has a sparse overstory this model has been used to estimate average land surin many semiarid environments (e.g., Nichols, 1992;  face fluxes over large areas (Ͼ10 km 2 ), and these fluxes Massman, 1992; Brenner and Incoll, 1997) although can then be used as a boundary condition in climate these canopies do occur in other environments (e.g., models. In this context evaporation is calculated sepasubarctic wetland, Lafleur and Rouse, 1990) . Any land rately for large homogeneous patches and the area aversurface with a sparse overstory has at least two signifiage is the evaporation from each patch type weighted cant sources of heat and water vapor: the canopy itself by the fractional cover of the patch type. The patch and the understory or soil. These two component surmodel is fully justified at the scale where a boundary faces are often very different in their control of water layer is fully developed over each patch and edge effects and heat fluxes; both need to be accounted for when between patches are insignificant, but as the size of the calculating a flux from the land surface as a whole. Also, patches decreases this model may be less valid. Blyth interaction of fluxes from the two component surfaces and Harding (1995) studied a tiger bush land surface may be important. For example sensible heat rising from with patches of bare soil and bush. They concluded that a dry soil understory can increase transpiration from the interactive model was already more realistic than the overstory canopy by raising its temperature.
the patch model for tiger bush with a ratio (patch A simple approach to estimating land surface fluxes width):(bush height) of 10:1. The patch model required is provided by the Penman-Monteith equation which extreme and unrealistic values of resistances to preserve was developed to estimate fluxes from a closed canopy the measured fluxes. of vegetation (Monteith, 1965) . It assumes a homogeIn contradiction to the above result of Blyth and Harneous 'big leaf' surface with a single value of vapor ding (1995), the patch model has been successfully used density deficit at the surface (Jarvis and McNaughton, at the scale of the sparsely-vegetated land surface. For these land surfaces the component surfaces (overstory
The Horticulture and Food Research Institute of New Zealand Ltd., and understory) are treated like patch types even though index is outlined. Outputs from the models are presented for hypothetical land surfaces and for the six land surfaces taken from recent literature. We discuss the implications for the estimation of energy fluxes from sparsely vegetated land surfaces in the Discussion section.
THEORY
Evaporation from a vegetated land surface can be calculated by summing the contributions from all homogeneous surface areas or subareas of leaf and soil within a representative land area. There are several possible approaches to this summation that vary in complexity Penman-Monteith models. Where it is used in the text the vapor and accuracy. Below we describe three such approaches: density deficit D is marked against the relevant network node, the "big leaf", interactive, and "patch" models. Later subscripts a, c, and s denote the deficit at reference height, for in the paper we apply these models to sparsely vegetated the in-canopy air and at the surface respectively. The resistance subscript h denotes an aerodynamic resistance between a compoland surfaces for which we only allow two component nent surface and the in-canopy air and subscript c denotes a surface surfaces or subareas: the understory and the overstory.
(or stomatal) resistance.
We begin with a more general introduction to the summation approaches used in the models. MONSOON and FIFE sites studied. Norman et al. (1995) preferred the simplicity of the patch model. The
The Big Leaf or Penman-Monteith Model

ENWATBAL model of crop and soil water balance
The big leaf or Penman-Monteith model is the sim- (Lascano, 2000, this issue; Evett and Lascano, 1993) plest approach. It was developed to describe the energy effectively uses the patch model by partitioning availfluxes from a fully vegetated land surface. This model able energy between overstory and understory and not ignores any variations of microclimate within the vegeallowing interaction of fluxes from these sources. EN tation and assumes that each leaf surface is at the same WATBAL has been successfully applied to several temperature and sees the same saturation deficit at its sparsely cropped land surfaces (Evett and Lascano, surface. Thus all leaves could be considered to be part 1993). Huntingford et al. (1995) concluded that energy of a large leaf covering the land surface, hence the name fluxes over Sahelian savannah (bush overstory, herbabig leaf. Equation [1] gives the evaporation rate from ceous understory) are described equally well by Peneach surface subarea i (E i ). man-Monteith, patch, or interactive models. Oliver and Sene (1992) concluded that fluxes above a developing
[1] vine crop would be well estimated using two non-interacting component surfaces. Brenner and Incoll (1997) where r s,i is the surface (or stomatal) resistance of subindicated that transpiration from sparse shrubland was area i per unit area of i ; a i is the area of i; n i ϭ 1 for a described equally well using models similar to the interhypostomatous leaf (or soil) and n i ϭ 2 for amphistomaactive and patch models. Brenner and Incoll (1997) used tous symmetrical leaves; and D s is the saturation vapor a three component surface: bare exposed soil; soil as density deficit at the surface of all subareas. The land shrub understory; and the shrub canopy.
surface total evaporation is the summation over all subAll the above studies have considered a specific land areas above a representative unit area of ground ͗E PM ͘ ϭ surface or a restricted group of land surfaces and have ͚E PM, i , (a variable enclosed thus ͗ ͘ represents an aggrenot made generalized conclusions regarding the condigated or "total land surface" value). The summation is tions under which use of the patch or interactive models equivalent to the parallel arrangement of all the surface is appropriate. In this study, the three evaporation modresistances in the canopy (Eq.
[2]). els are compared for six different sparsely-vegetated land surfaces and for a wide range of conditions of water
[2] supply. The interactive model is assumed to be the most realistic because it is a simplification of a more detailed Lagrangian-based model. This assumption is supported where r c is called the canopy resistance and is a resisby the results of this study. We compare the perfortance per unit land area. If we define r c,i ϭ r s,i / (n i a i ), mance of the patch and Penman-Monteith models to then r c is the equivalent resistance of all the resistances the interactive model. The comparison reveals the domir c,i in parallel. nant behavior of a given land surface and how the behavNow D s is unknown but we do know D a , the vapor ior reflects its physical characteristics and conditions of density deficit at a reference point above the land surwater supply.
face. The Penman-Monteith equation is derived by subIn the following section the three models are fully stituting for D s in the following way. Firstly we assume described. Then data from six sparsely vegetated land that the total flux from all the component surfaces i (i.e., from the big leaf) meets aerodynamic resistance surfaces are presented and the adjustment of leaf area r a,PM (s m Ϫ1 ) between the big leaf and the reference with height within the canopy and a spread of D s at each point, as shown in Fig. 1c 
In this study we want to extend the range of application where ͗r h ͘ and ͗r v ͘ are effective resistance values for the of the Penman-Monteith equation from fully vegetated whole land surface and are calculated as follows: land surfaces to include partially vegetated land surfaces. This can be achieved by restricting evaporation from soil with a soil resistance which is equivalent to
[13] the stomatal resistance of a leaf. All surface resistance values r s,i for both leaf and soil subareas will contribute to calculation of r c . We acknowledge that a soil resistance model has little in common with a model of stoma-
[14] tal resistance. These differences do not hinder the calculation of r c but do demand a cautious approach to its interpretation. More details of the application of this where w i ϭ 1/(r v,i ϩ r h,i ) . This approach is unrestricted model to partially vegetated land surfaces are given in in the number of subareas i input to the summation. the section entitled Model Consistency.
Using a continuum of leaves each with its own resistances, Green and McNaughton (1997) these studies is that the patch model is claimed to be
[15] algebraically more convenient for some applications, and the results better than the Penman-Monteith model, where r a is the aerodynamic resistance between the inthough perhaps not as good as the interactive model. canopy air space and the reference height as shown in It is not clear why this should be so. Fig. 1a . Equation [15] has the form of the Penman-
The patch model has been developed for simplicity. Monteith equation. Successive application of the effecBecause the direct linkage to more accurate models has tive resistance approach could be used to cast more been abandoned it is not clear how resistance values complex canopy resistance networks into the same form.
should be assigned. In its correct application, when the Even multi-layer models of canopy evaporation can be patches are so extensive that the microclimate of one cast into this form if care is taken with the algebra (e.g., does not affect the microclimate of the other, the differShuttleworth, 1979). ent patches would be characterized by quite different As stated earlier we limit our study to a summation roughness lengths, and so quite different r a,Pi values. The of fluxes from the two very different component surrules for constructing the aerodynamic resistance of the faces, the overstory canopy and the understory (vegetaunderstory are not clear when it is partially covered by tion or bare soil). This allows us to draw on examples an overstory. For instance Norman et al. (1995) equated from the literature that have followed the work of Shutthe aerodynamic resistance between the reference tleworth and Wallace (1985) . McNaughton (1994) did height and the overstory (i.e., the sum r a,P1 ϩ r h,1 in Fig.  not include the soil surface in his summation. However, 1b) with the resistance usually used in the Penmana soil surface resistance in series with an aerodynamic
Monteith equation (r a,PM ). For the understory our sum resistance between the surface and the in-canopy air is ( r a,P2 ϩ r h,2 ) was equated with something similar to r a,PM ϩ algebraically equivalent to a leaf stomatal resistance in r h,2 . Below we select values for resistances r a,P1 and r a,P2 series with a boundary layer resistance.
by requiring that the models predict the same flux for The interactive model (i.e., Eq.
[15]) effectively uses a chosen reference case. the big-leaf model once to describe the flux between the overstory surface and the in-canopy air, and a second
Model Consistency
time for the flux from the understory surface. Differences in D at the component surfaces are maintained
Later in this study we compare six land surfaces which by boundary layer resistances r h,i as shown in Fig. 1a .
have been studied previously using the interactive Fluxes from one component surface interact with fluxes model. With this in mind the resistances of the interfrom the other component surface by influencing the active model ( Fig. 1a ) are used to assign values to the in-canopy environment (D c , T c , and e c ).
resistances r a,P1 , r a,P2 , and r a,PM of the patch (Fig. 1b) and A criticism of use of the interactive model is that Penman-Monteith ( Fig. 1c ) models. This departs from turbulent diffusion theory (K theory) is assumed to be the usual application of the Penman-Monteith model in applicable in the canopy air space where this theory has which r a,PM is given by Eq.
[16] under conditions of neubeen shown to be inadequate. However, McNaughton tral stability (Monteith, 1965) . and Van den Hurk (1995) showed that the structure of the resistance network in Fig. 1a was consistent with a
Lagrangian model after introducing a near-field resistance in series with the boundary layer resistance where z is the reference height; d is the displacement of the overstory. This resistance was found to be small height of the canopy; z 0 is the roughness length; k is in comparison to the boundary layer resistance and it von Karman's constant; and u is the windspeed at the can be ignored for many land surfaces with a distinct reference height. Equation [16] implicitly includes overstory and understory.
boundary layer resistances by integrating the resistance from the big leaf surface at (z 0 ϩ d) to the reference
The Patch Model
height. We do not use Eq.
[16] here because we want as much consistency as possible between the PenmanThe patch model uses two non-interacting big-leaf models side by side. Therefore it acknowledges that the Monteith model and the interactive model. In the case of the patch model, the equations for resistances differ taller vegetation of the overstory may see a different saturation deficit D at its surface than does the shorter between authors (e.g., Norman et al., 1995; Blyth and Harding, 1995) and we extend this diversity by giving vegetation or bare soil of the understory. The canopy microclimate develops separately over the two types of our own definitions below. We require that all three models estimate the same vegetation when they occupy separate areas as complete ground covers. The patch model is appropriate for this land surface energy flux in the following reference case. The reference land surface has two component surfaces situation, effectively using the Penman-Monteith model separately for each component, then averaging the rethat are completely symmetric (i.e., they have the same surface resistance (r c,1 ϭ r c,2 ), the same boundary layer sults for the landscape by weighing them according to the fractional areas covered by each. A model with the resistance (r h,1 ϭ r h,2 ), and the same available energy (f 1 ϭ f 2 ϭ 0.5). Under these conditions the fluxes from same structure (Fig. 1b) has also been used for sparse canopies (e.g., Norman et al., 1995) , though it is not the component surfaces will be equal. The patch model will estimate the same land surface flux as the interactive strictly appropriate for this purpose. The motivation in interactive model shown in Fig. 1a . With the definition in are not considered to be significant. Other possible Eq.
[17], a short circuit across the cut wire in Fig. 1b standpoints are not considered in this paper. These would make Fig. 1a and 1b The interactive model is taken to be the standard thus in the reference case r c ϭ ͗r c ͘ ϭ r c,1 /2. The resistance against which the patch and Penman-Monteith models r a,PM is given in Eq. [18] .
are compared because it is consistent with the application of Lagrangian theory to turbulent transport in r a,PM ϭ r a ϩ r h [18] sparse canopies (McNaughton and Van den Hurk, where r h is equal to the equivalent resistance of parallel 1995). In particular we use the differences ͗E P ͘ Ϫ ͗E N ͘ resistances r h,1 and r h,2 and in the reference case r h ϭ and ͗E PM ͘ Ϫ ͗E N ͘ . For an input available energy ͗A͘ ͗r h ͘ ϭ r h,1 /2. these differences also indicate the difference in land This choice of a reference case seems logical for agreesurface sensible heat flux between models because all ment between the Penman-Monteith model and the inthree models conserve energy. teractive model because two identical homogeneous component surfaces can equally well be described as a DATA FROM SPARSELY VEGETATED single surface. The choice is not so clear for the patch
LAND SURFACES
model. The interactive model has two component surfaces that always influence each other so there is no
Published Studies
condition under which total agreement with the patch Many published studies have used the interactive model would be expected. However, in the reference model of Shuttleworth and Wallace (1985) or its subsecase flux interaction is at a minimum because both comquent developments. In Table 1 we draw on some of ponent surface temperatures are equal and there can this work to provide an indication of typical values of be no energy flux from one surface to the other. So resistances and state variables found for several sparsely the reference case is also appropriate for agreement vegetated land surfaces. These studies use two compobetween the patch and interactive models and furthernent surfaces: i ϭ 1 is the overstory canopy surface; and more using one case for all three models makes the i ϭ 2 is the underlying bare soil surface. Boundary layer model comparison consistent.
resistances (r b,1 and r b,2 ) and surface resistances (r s,1 and A comparison of models should reflect the requirer s,2 ) are given as resistance per unit surface area for one ments of a particular study and/or the accuracy of the side of the surface. Using this convention the stomatal measurements used to verify model results. Here we resistance, r s,1 , is the value that would be measured at take the standpoint of studies of watershed hydrology a leaf surface using a porometer. Parameter n indicates or larger scale climate and focus on the models' estithat the overstory vegetation is amphistomatous (n ϭ mates of latent and sensible heat flux from the land 2) or hypostomatous (n ϭ 1) . Thus for a canopy with surface as a whole. Where necessary we also compare leaf area index ϭ a 1 , the resistance to sensible heat flow the models in terms of their allocation of fluxes to overstory and understory. The accuracy of flux measurefrom the canopy surface to canopy air per unit land area, r h,1 ϭ r b,1 /(2a 1 ) whereas the associated resistance parisons of energy disposition, f 1 and f 2 (ϭ 1 Ϫ f 1 ) are to water vapor flow r v,1 ϭ r s,1 /(na 1 ) ϩ r b,1 /(na 1 ) and is set to the same value of 0.5 for all surfaces in Table 1 . dependent on n. The surface area of the understory a 2
The leaf area index, a 1 , was then adjusted using Eq. [19] . is set to a constant value of 1.0 and the surface is taken This allows a comparison of canopy architecture with to be one-sided, thus r h,2 ϭ r b,2 and r v,2 ϭ r s,2 ϩ r b,2 . The the same distribution of energy between overstory and extinction coefficient for net radiation, , is taken from understory. In this process it is assumed that the resistthe source paper or calculated from ϭ Ϫln(1Ϫf 1 )/a 1 .
ances r bi and r a are unchanged which is not unreasonable Values of are often assumed to be constant for a given if changes in a 1 are not large and an open canopy is species and reflect the leaf angle distribution.
maintained (for the land surfaces in Table 1 the final Some details from two of the studies in Table 1 need value of a 1 ranges between 1 and 2). (N.B. The r b,1 are explanation. Ham and Heilman (1991) Massman (1992) . Using a 1 in Table 1 are particular to the time and location of the site roughness length ϭ 0.018 m given by Massman measurement. The resistances r a , r b,1 , and r b,2 are more (1992), a friction velocity ϭ 0.27 m s Ϫ1 was calculated general in their description of the nature of the land and the values for r a and r b,1 given in Table 1 followed. surface and the species present. Resistance r b,1 is small in comparison with the other overstorys but this is consistent with the narrow leaf width of shortgrasses.
PRELIMINARY COMPARISON OF MODELS Adjustment of Parameters n and a 1
All models were set to estimate equal fluxes in the The very different land surfaces listed in Table 1 span symmetric reference case (in section Model Consisa range of values for resistances. The resistances r a , r h,1 tency). In the section entitled Hypothetical Simulation (ϭ r b,1 /2a 1 ) and r h,2 are implicitly dependent on land of a 'Symmetric' land Surface we consider the effects surface characteristics including canopy height, overof deviating from the reference conditions only by the story canopy architecture, and leaf width, and thus desurface resistance values. We then discuss the value scribe the nature of the land surface. In contrast r s,1 selected for the upper resistor in the patch model. and r s,2 describe water availability at each component surface. Because water supply is variable, r s,1 and r s,2 are
Hypothetical Simulation of a Symmetric
given a wide range of values in the following analysis.
Land Surface
This range of values used for r s1 and r s2 makes differences in n less relevant and it is assumed here that n ϭ 2.
As a first step in comparing the three models deThe fraction of available energy at the land surface scribed in the Theory section the following standardized absorbed by the overstory, f 1 , is often expressed as a inputs were used: ͗A͘ ϭ 600 W m Ϫ2 , T a ϭ 30ЊC, D a ϭ function of leaf area index a 1 : 12 g m Ϫ3 , n ϭ 2. In this first hypothetical run, symmetry of the two component surfaces was assumed by setting ƒ 1 ϭ 1 Ϫ exp(Ϫa 1 )
[19] r h,1 ϭ r h,2 ϭ 50 s m Ϫ1 and f 1 ϭ f 2 ϭ 0.5 . The maximum and minimum values of r a from ) were used in turn. The surface resistances r c,1 is clumped, for instance where single bushes or rows of and r c,2 were allowed to range independently between trees are separated by bare soil. Despite this, many 0 and 10 000 s m Ϫ1 . studies applying the Shuttleworth-Wallace approach reIn the section Model Consistency it was a requirement sort to use of Eq. [19] . In this study Eq. [19] is used to that all three models predicted identical estimates of aid comparison of the land surfaces listed in Table 1. land surface evaporation (͗E͘) when r c,1 and r c,2 were The land surfaces in Table 1 have different fractions equal. However in these symmetric examples, when of total available energy absorbed at the overstory and r c,1 ϶ r c,2 the patch model always predicted less evaporaunderstory surfaces (i.e., different f 1 and f 2 values). In tion than the interactive model and the Penman-Monmany cases evaporation from a land surface will be teith model always predicted more evaporation than the strongly influenced by the f 1 and f 2 values. To avoid confounding our comparison of land surfaces with cominteractive model. The largest differences in l͗E͘ are when r c,1 ϭ 0 s m Ϫ1  and r c,2 ϭ 10 000 s m Ϫ1 and also when r c,1 ϭ 10 000 s m Ϫ1 and r c,2 ϭ 0 s m Ϫ1 . shown in Table 2 and occurred when the difference between r c,1 and r c,2 was greatest. When r a ϭ 7 s m Ϫ1 , the patch model and interactive models give similar estimates of l͗E͘ for all values of r c,1 and r c,2 and the PM model is much less accurate. When r a ϭ 70 s m Ϫ1 , the difference in evaporation between the PM and interactive models is less than the difference between patch and interactive model estimates |͗E PM ͘ Ϫ ͗ EN ͘| Ͻ 
The Upper Aerodynamic Resistor
Preliminary Comparison of Models does not occur. Bein the Patch Model low, the models are compared firstly over a range of The upper resistor in the patch model (Fig. 1b) has surface resistances for two contrasting land surfaces (in the form (r a / f i ) for component surface i. In the reference sections Sparse Millet and Shortgrass Steppe) and seccase these values for the upper resistors ensure exact ondly for all the surfaces listed in Table 1 with given agreement between the patch and interactive models. specific surface resistances (section All Land Surfaces). In contrast Norman et al. (1995) used r a as the upper resistor for both component surfaces. In Fig. 2 we com-
Sparse Millet
pare the estimates of ͗E͘ from the interactive model
The three models were compared for a land surface and from an altered patch model with upper resistors with the characteristics of sparse millet (Table 1) . The set to r a , for the range of values of r c,1 (when r c,1 ϭ r c,2 ). inputs used were: ͗A͘ ϭ 600 W m Ϫ2 , T a ϭ 30ЊC, D a ϭ Figure 2 demonstrates that use of r a does not result in 12 g m Ϫ3 , n ϭ 2, and f 1 ϭ f 2 ϭ 0.5. Figure 3a shows the agreement between the patch and interactive models in evaporation from a millet land surface estimated with the reference case.
the interactive model (͗E N ͘). Figures 3b and 3c show If the uppermost resistors in the patch model (i.e., the differences in evaporation between the patch and the r a, Pi values ϭ r a / f i ), were aligned in a network as interactive models (͗E P ͘ Ϫ ͗E N ͘) and the Penmanparallel resistors, then the equivalent total resistance of Monteith and interactive models (͗E PM ͘ Ϫ ͗E N ͘), rethese resistors would equal r a . The resistance values r a / f i effectively divide the air space from the canopy to the reference height between the two component surfaces. At the scale of a sparse canopy this air space allocation is meaningless in terms of the processes of turbulent transport, but a greater equivalence between the interactive and patch models is preserved (both have a total equivalent resistance above the canopy equal to r a ). At the scale of a landscape with large patches [patch diameter ϾϾ 10*(vegetation height)] of two homogeneous land surface types, dividing by the factor f i makes the areal averaging procedure implicit. [To explain further, ͗E P ͘ ϭ E P,1 ϩ E P,2 for the patch model as described in the Theory section. In contrast a model that considers each large patch separately and uses r a as the uppermost resistor in both (and a different formulation of the other resistors) would be equivalent to our patch model if ͗E P ͘ ϭ f 1 E P,1 ϩ f 2 E P,2 where f i is the fraction tween component surfaces assumed above in the section All the land surfaces in Table 1 were compared in the specific case of an overstory canopy well supplied
Shortgrass Steppe
with water (r c,1 ϭ 100 s m Ϫ1 ) with a dry understory The same comparison was repeated for a land surface (r c,2 ϭ10 000 s m Ϫ1 ). The differences ͗E P ͘ Ϫ ͗E N ͘ and with the characteristics of shortgrass steppe (Table 1) . 6. This is equivalent to plotting data from single points that the Penman-Monteith model more closely resemon Fig. 3b, 4b , and equivalent figures for other land bles the interactive model for shortgrass steppe over surfaces against the resistance ratio. the whole range of resistances except for r c2 ϭ 0 s m Ϫ1 .
The following resistances or resistance ratios were Although ͗E PM ͘ resembles ͗E N ͘ for a steppe land suralso considered as the x co-ordinate in Fig. 6 : r a , r h1 , r a / face, Fig. 5 shows that the evaporation from the r h1 , r a /(r h1 ϩ r h2 ). The ratio r a /r h predicted the order of overstory source (E PM,1 or E N,1 ) differs greatly between the differences in evaporation between the models as the models. The component surfaces are modelled in well as or better than these other possibilities. For the very different ways. The PM model assumes a single given resistances (r c,1 ϭ 100 and r c,2 ϭ 10 000 s m Ϫ1 ) Fig.  homogeneous surface of 'averaged' properties and a 6 shows that the ratio r a /r h for a land surface is a good single value of vapor density deficit occurs at this surface indicator of how well the patch or Penman-Monteith (D s , Eq. [1] ). The interactive model allows for two differmodels resemble the interactive model. It is clear that ent component surfaces each with its own vapor density either the patch model or the PM model resembles the deficit and surface resistance.
interactive model (and not both) for a given land surface under the above conditions of water supply.
DISCUSSION
In summary, the Penman-Monteith model assumes a land surface can be described by a single big leaf surface with averaged properties and a single value of vapor density deficit at the surface (D s ). The patch model allows for two different component surfaces with different values of D at each surface but does not allow the fluxes from either surface to interact with the other. The interactive model allows fluxes from each component surface to change the in-canopy environment (T c , D c , E c ) and in this way influence fluxes from the other component surface. Thus, in terms of complexity, the patch model comes between the Penman-Monteith and inter- model predicts a lower land surface evaporation rate supply at the component surfaces). When r c, j ϽϽ r c,k , the differences between the models can be related to and the Penman-Monteith a higher evaporation rate than the interactive model. Furthermore, it can not be the ratio r a /r h (subscript j ϭ 1 or 2 and subscript k ϭ 3 Ϫ j). When this ratio is large the land surface is decouassumed that the magnitude of the difference between the patch and interactive models will be smaller than pled from the overhead air stream and component surface j is relatively well coupled to the in-canopy environthat between the Penman-Monteith and interactive models.
ment. This is likely to occur for low overstory canopies (e.g., steppe or pasture), sheltered canopies (e.g., orFor a given land surface, the extra evaporation predicted by the interactive model above that predicted chards) or canopies with large leaf area index and narrow leaves. In contrast, when the ratio r a /r h is small, by the patch model (͗E N ͘ Ϫ ͗E P ͘) results from the interaction of fluxes between the component surfaces.
the component surfaces do not interact much and both surfaces 'see' the overhead air stream largely unaffected Using this extra evaporation as a measure of flux interaction, the data indicate that flux interaction was largest by the other (e.g., taller canopies with larger leaves).
We have argued that the interactive model is the most when: (i) r c,1 and r c,2 were most different; (ii) r a was larger than the boundary layer resistance r h,1 ; and (iii) when widely-applicable because its resistance network (Fig.  1a) is a simplification of more complex and realistic the overstory and understory absorb similar fractions of the available energy (i.e., f 1 ≈ f 2 ≈ 0.5). (For condition Lagrangian models (McNaughton and van den Hurk, 1995) . K theory is not strictly applicable, but resistance (iii) above, a continuum of f 1 and f 2 values was modelled, results are not presented here.) When these conditions networks still provide a good description of land surface fluxes. Sparsely vegetated land surfaces range from occur the patch model is not a good choice for estimating land surface fluxes. The conditions are discussed in those with non-interacting component surfaces to those with highly interacting component surfaces. At the two greater detail in the Appendix. In Fig. 6 it can be seen that when this measure of flux interaction was largest, opposing ends of this scale either the patch or the Penman-Monteith model gives accurate land surface flux the difference between the Penman-Monteith model and the interactive model was smallest. This example estimates. The interactive model is in agreement with either of the two other models at both ends of the scale suggests that the land surface as a whole is well approximated by a single homogeneous surface with appropriand is able to simulate the continuum of land surface types between. ately averaged properties when there is a large interaction between the component surfaces.
Whether the Penman-Monteith or patch model is the active model for the steppe and millet land surfaces (Fig. 4 and 5) . Dry conditions like this were dominant Surface Resistances r c, j and r c,k at the steppe site described by Massman (1992) . At When the component surface resistances r c, j and r c,k were these higher values of r c,1 and r c,2 evaporation from both most different (i.e., r c, j → 0 s m Ϫ1 and r c,k → ∞ s m Ϫ1 ) the component surfaces is tightly controlled by these resistinteraction of fluxes between the surfaces was largest (Table   ances and interaction of the fluxes becomes less im-2, Fig. 4b ). This occurs because large differences in r c, j and r c,k portant.
will be associated with large differences in temperatures and vapor densities at the component surfaces. The resulting gradi-
CONCLUSION
ents between the surfaces may be enough to drive significant fluxes. A common example occurs when a sparse overstory Evaporation and sensible heat flux from a land surcanopy well-supplied with water has an underlying dry soil face with an incomplete overstory canopy can be modsurface. In this case a net sensible heat transfer from the elled using all of the three models in Fig. 1 Figures 6 and 7 indicate that the ratio r a / r h and ⍀ ls are useful in estimating the importance of interaction of component surfaces for a sparsely vegetated land surface. However they are indicators only and we do not expect a simple functional dependence of (͗E P ͘ Ϫ ͗E N ͘) on either r a / r h or ⍀ ls alone. The ratio r a / r h is independent of conditions of water supply and is descriptive of the physical characteristics of the land surface. ⍀ ls is perhaps less useful in this context because it is dependent on water supply conditions, although when surface resistances become larger they have a stronger influence on the interaction of component surfaces. A useful conclusion that can be drawn from Fig. 7 is that a land surface well represented by the patch model has stronger stomatal Aerodynamic Resistances r a and r h similar fractions of the available energy ( f 1 ≈ f 2 ≈ 0.5). In A land surface with r c, j ϽϽ r c,k will have the largest interacthe extreme cases (overstory very sparse or very dense) one tion of fluxes between component surfaces when r a Ͼ r h (Fig. component surface will dominate the energy balance and in-6). The relative magnitudes of the two resistances is important teraction is less important. Even when the overstory canopy to the size of the interaction. When r a is small (Ͻ10 s m Ϫ1 ) is well supplied with water, a low f 1 is usually associated with the in-canopy air is well-coupled with the overhead airstream, a low leaf area index a 1 and therefore a higher r h,1 which will and the effect of fluxes from component surfaces on the inresult in decreased flux interaction. A high f 1 is associated canopy environment is small [i.e., (T c 
with a low f 2 and therefore smaller sensible heat flux from the In this case similar fluxes are predicted by the interactive and understory. In the case of a wet understory surface with a dry patch models. In contrast, when r h is small any alteration of overstory the result may be different because there is a much the in-canopy environment will have a large effect on fluxes weaker link between r h,2 and f 2 . from component surface j.
In Fig. 6 the largest interaction of fluxes from overstory ⍀ ls ϭ ε ϩ 1 ε ϩ (͗r v ͘ ϩ r a )/(͗r h ͘ ϩ r a )
[A1]
ration: Scaling up from leaf to region. Adv. Ecol. Res. 1:1-49. Lafleur, P.M., and W.R. Rouse. 1990 . Application of an energy combination model for evaporation from sparse canopies. Agric. For.
⍀ v ϭ ε ϩ 1 ε ϩ (r v,1 ϩ (r a / f 1 ))/[r h,1 ϩ (r a / f 1 )]
[A2] The problem is that T O cannot be measured, so it is from soil and vegetation has had several recent modifications to account for some of the unique properties associated with sparse canooften replaced with an observation of T R () in Eq.
[1].
pies. Two of these changes involve the algorithms predicting the diverHowever, for sparse canopies differences between T O gence of net radiation inside the canopy and how to account for and T R () can be Ͼ 10 degrees (e.g., Kustas, 1990) . 1994; Kubota and Sugita, 1994) and therefore difficult to apply a priori to different surface types. Indeed, the testing of various R EX formulations with experimental T he use of directional radiometric surface temperadata indicates that single-source schemes are not appliture, T R (), from a zenith view angle frequently cable to partial canopy covered surfaces (Sun and involves the controversial assumption that it is equiva- Mahrt, 1995; Kustas et al., 1996; Verhoef et al., 1997 ; lent to the so-called "aerodynamic temperature", T O , of Troufleau et al., 1997; Lhomme et al., 1997) . the surface. T O is the temperature that satisfies the bulk Therefore, recent efforts have concentrated on acresistance or "single-source" expression having the form counting for the difference between T O and T R () using "two-source" models, which consider the effects of soil Chebhouni et al., 1996) . Although two-source volumetric heat capacity of air (J m Ϫ3 K Ϫ1 ), T A is the models are better suited for sparse canopies, the algoair temperature at some reference height above the surrithms generally used for estimating soil and vegetation face (K), R EX is an excess resistance associated with heat contributions to T R () observations and the partitransport, and R A is the aerodynamic resistance (s m Ϫ1 
